Introduction {#Sec1}
============

Power grip and pinch grip are important and functionally relevant motor skills of the hand \[[@CR7]\]. Generally, motor skills of the hand are regulated using intrinsic and extrinsic muscle groups. In the case of grip or pinch, a combination of extrinsic and intrinsic hand muscle strength is used and a large number of joints are involved \[[@CR10]\]. As a result, regular instruments for measuring hand function, such as grip and pinch dynamometers, measure a combination of muscle groups and joints. However, in some situations, it can be important to measure strength of specific thumb and finger movements to determine improvements after hand-related interventions. For example, direct measurement of opposition strength of a hypoplastic thumb after applying a specific tendon transfer to this thumb may provide more specific information than when measuring grip strength.

The Rotterdam Intrinsic Hand Myometer (RIHM) \[[@CR11], [@CR14], [@CR17]\] can measure the strength of the individual fingers or thumb at a specific joint. Although grip and pinch measurements provide more general information, the RIHM reliably \[[@CR11], [@CR15], [@CR18]\] measures individual finger and thumb strength more directly \[[@CR16], [@CR18]\]. Generally, when treating children whose hand function is affected, accurately monitoring their hand strength development with time provides insight regarding whether the treatment is effective. At present, no normative values for the strength measurement of the individual fingers and thumb have been presented for children. Because normative values presented in a classic table format are difficult to use, an alternative would be to use a growth diagram in which strength is plotted against age. This approach to reference values in children would allow for easier discrimination between the effects of growth, neuromuscular maturation, and the intervention. Using growth diagrams where an increase or decrease of strength can be plotted easily with time facilitates an intuitive and easily interpretable way of using reference values, whereas variation in strength can be accounted for using the correct percentiles. Similar growth diagrams for length and weight are widely used at infant welfare centers across the world \[[@CR4]--[@CR6]\]. We recently developed these same diagrams for grip strength \[[@CR12]\]. These strength development diagrams provide an immediate indication of the strength that can be expected at the child's age using a continuous age scale, in contrast to reference tables with 1-year or 2-year intervals.

We therefore (1) present reference values of individual finger and thumb strengths and (2) present them in the form of growth diagrams, providing an easy way to distinguish between the effects of growth and intervention on strength development.

Patients and Methods {#Sec2}
====================

After approval of the Institutional Review Board and after informed consent of the parents, children from a local primary school without upper limb impairment were approached for participation. One hundred one children between 4 and 12 years old participated. Hand dominance and upper extremity problems that could influence hand strength were determined by evaluating parents' responses to a questionnaire. Children with a history of upper extremity trauma or abnormalities were excluded ([Appendix 1](#Sec10){ref-type="sec"}). Ninety-four percent of the children were right-handed (Table [1](#Tab1){ref-type="table"}).Table 1Number of participants divided by gender and ageAge (years)Boys (number)Girls (number)Total (number)4628535865813765118491391041410581311591412527Total4952101

The RIHM (Fig. [1](#Fig1){ref-type="fig"}) is a dynamometer that measures strength by means of muscle resistance in a break test. This break test is performed while pulling with the RIMH at an easily controllable angle \[[@CR9]\]. The examiner and subject are seated opposite each other at a table and the subject is shown and instructed how to keep his or her finger or thumb in place. Slowly, while the subject is instructed to hold the position of the fingers, force is increased, and after a few seconds, the examiner pulls to break the position. The RIHM is reportedly reliable in adults and children. The interrater and intrarater reliabilities were 0.94 and 0.93, respectively, in patients with Charcot-Marie-Tooth disease \[[@CR18]\] and 0.94 in patients with peripheral nerve injury \[[@CR15]\]. The intraclass coefficient values for a group of children (4--12 years old) were greater than 0.97 for thumb measurements, greater than 0.94 for the index finger, and greater than 0.90 for the little finger when analyzed for the whole group, whereas no relation was found between age and reliability \[[@CR11]\].Fig. 1The different RIHM measurements performed according to the official instructions are shown. (Published with permission of Elsevier and adapted from Molenaar HM, Selles RW, Schreuders TA, Hovius SE, Stam HJ. Reliability of hand strength measurements using the Rotterdam Intrinsic Hand Myometer in children. *J Hand Surg Am.* 2008;33:1796-1801.).

We focused on strength measurements of the thumb, index finger, and little finger because the thumb together with the index and little fingers form the outer anatomic boundaries for different prehension functions of the hand. We measured abduction of the index finger (initiated by the first dorsal interosseous muscle) and little finger (initiated by abductor digiti quinti muscle). In addition, for the thumb, we measured thumb palmar abduction (primarily the abductor pollicis brevis muscle), thumb opposition (primarily the opponens pollicis muscle, but functionally guided by abductor pollicis brevis muscle) \[[@CR19]\], and thumb flexion in the metacarpophalangeal joint (primarily the intrinsic flexor pollicis brevis muscle) \[[@CR17], [@CR20]\]. The measurements were repeated three times and the mean of the three tests was registered \[[@CR2]\]. After each measurement, the dynamometer was reset. All measurements were performed in a randomized order by the same researcher (HMM).

To develop the growth curves, we first estimated the percentiles for each strength measurement using Altman's method of absolute scaled residuals \[[@CR1]\]. Because visual inspection did not reveal skewness or nonnormal kurtosis, we decided not to transform the dependent variable. In a first model, strength was modeled as a function of age. To allow for nonlinearity in the mean, we used restricted cubic splines with three knots placed at the 10th, 50th, and 90th percentiles. The SD was estimated using the regression function of the absolute residuals. We estimated separate relationships for boys and girls for the dominant and nondominant hands.

The above-mentioned model of strength versus age was compared with a more complex model that also included weight and length. All factors were included in this more complex model as a restricted cubic spline with three knots. Residuals of the various models were checked for normality and serial correlation.

To test for strength differences between genders and between the dominant and nondominant hands, we used a partial F test. Because we only found a difference between both hands for one of the five measurements (see Results), we used the measurements of both hands for developing combined diagrams. Following the same reasoning, we combined all measurements for boys and girls as no difference in strength between genders was found (see Results). Although separate diagrams for each gender would create the most accurate model for predicting finger strength, we found an easily interpretable combined diagram for each measurement resulted in only a minor decrease in the goodness of fit (R^2^) of the model (see Results). All estimations and calculations were performed using SAS^®^ 9.1 (SAS Institute Inc, Cary, NC, USA).

Results {#Sec3}
=======

Normative values for each measurement, ie, thumb palmar abduction strength (Table [2](#Tab2){ref-type="table"}), thumb opposition strength (Table [3](#Tab3){ref-type="table"}), thumb flexion strength (Table [4](#Tab4){ref-type="table"}), index finger abduction strength (Table [5](#Tab5){ref-type="table"}), and little finger abduction strength (Table [6](#Tab6){ref-type="table"}) are presented in a classic table format, where finger strength is reported for the dominant and nondominant hands for all children between 4 and 12 years old clustered per 1-year age group. Grip strength generally increased with age in all measurements. We found no differences in finger strength between boys and girls in any of the muscle groups measured. When comparing the dominant and nondominant hands, the dominant hand was stronger (p \< 0.001) only for thumb palmar abduction.Table 2Thumb palmar abduction strengthHandAge (years)NumberThumb palmar abduction strength (N)MeanSDMinimumMaximumDominant4814.43.97.619.3Nondominant13.03.67.617.9Dominant5817.75.59.825.7Nondominant14.93.59.118.9Dominant61318.14.212.325.6Nondominant17.63.213.923.3Dominant71122.76.410.934.2Nondominant21.35.411.832.3Dominant81325.04.916.734.1Nondominant23.75.316.633.7Dominant91428.65.719.139.6Nondominant27.96.519.139.4Dominant101331.23.227.138.1Nondominant28.63.723.034.3Dominant111435.88.922.255.4Nondominant33.79.321.058.7Dominant12736.26.128.546.5Nondominant30.26.721.536.7Table 3Thumb opposition strengthHandAge (years)NumberThumb opposition strength (N)MeanSDMinimumMaximumDominant4828.97.218.639.3Nondominant30.26.020.437.3Dominant5829.97.417.338.3Nondominant32.58.220.245.1Dominant61338.27.724.651.6Nondominant38.67.027.550.5Dominant71143.05.829.351.6Nondominant42.85.933.751.7Dominant81351.69.236.274.6Nondominant51.69.534.774.9Dominant91453.66.545.263.5Nondominant54.18.743.765.2Dominant101354.28.435.367.7Nondominant54.37.241.564.8Dominant111458.09.743.275.1Nondominant59.511.239.177.4Dominant12760.813.238.077.6Nondominant66.215.848.085.6Table 4Thumb (metacarpal phalangeal joint) flexion strengthHandAge (years)NumberThumb flexion strength (N)MeanSDMinimumMaximumDominant4830.06.619.937.2Nondominant30.96.319.938.2Dominant5831.17.617.637.8Nondominant30.57.217.540.2Dominant61338.18.623.149.6Nondominant38.57.826.250.6Dominant71143.37.831.054.5Nondominant41.57.331.654.2Dominant81347.67.830.458.4Nondominant49.18.830.964.7Dominant91454.07.942.970.1Nondominant53.77.543.269.1Dominant101354.36.939.564.6Nondominant51.36.835.259.9Dominant111458.38.545.973.3Nondominant60.98.543.572.0Dominant12761.916.038.288.9Nondominant65.311.643.882.0Table 5Index finger abduction strengthHandAge (years)NumberIndex finger abduction strength (N)MeanSDMinimumMaximumDominant4814.14.47.520.3Nondominant12.73.28.417.7Dominant5815.22.411.818.3Nondominant13.82.710.519.3Dominant61316.83.211.822.8Nondominant17.12.813.722.1Dominant71118.12.214.821.5Nondominant18.81.915.321.1Dominant81321.52.717.126.3Nondominant20.53.117.328.6Dominant91423.74.717.233.4Nondominant21.75.014.832.1Dominant101325.13.915.629.7Nondominant24.04.515.330.2Dominant111327.94.618.834.0Nondominant26.54.616.832.4Dominant12725.24.217.530.0Nondominant29.44.324.435.8Table 6Little finger abduction strengthHandAge (years)NumberLittle finger abduction strength (N)MeanSDMinimumMaximumDominant487.21.75.210.0Nondominant7.21.85.510.1Dominant588.31.46.611.0Nondominant7.61.46.09.9Dominant6137.82.04.510.9Nondominant7.71.25.79.6Dominant71110.12.37.414.2Nondominant10.32.17.014.0Dominant81310.21.67.513.2Nondominant10.52.56.515.7Dominant91412.82.79.518.8Nondominant12.23.47.917.2Dominant101313.23.38.418.4Nondominant11.71.69.715.1Dominant111414.82.79.519.9Nondominant14.93.29.520.3Dominant12717.44.411.525.7Nondominant17.82.613.619.8

The statistical models were converted into growth diagrams to illustrate the relation between age and thumb palmar abduction strength (Fig. [2](#Fig2){ref-type="fig"}), thumb opposition strength (Fig. [3](#Fig3){ref-type="fig"}), thumb flexion strength (Fig. [4](#Fig4){ref-type="fig"}), index finger abduction strength (Fig. [5](#Fig5){ref-type="fig"}), and little finger abduction strength (Fig. [6](#Fig6){ref-type="fig"}). In addition to the curve of the population mean, these diagrams also show the percentiles corresponding to each SD added or subtracted from the mean: 2.5%, 16%, 50%, 84%, and 97.5% percentiles, corresponding to −2 SD, −1 SD, mean, +1 SD, and +2 SD. As there was no difference in strength found between boys and girls and only a difference in strength between the dominant and nondominant hands in one of the five measurements (only for thumb palmar abduction), we chose to combine the data from both genders and from both hands for each specific measurement to create a model for predicting finger strength as a function of age. When comparing these models, we found the complex model (including length and weight with separate models for both genders and both hands) differed in goodness of fit (R^2^) from the simple model (without age and weight and with genders and both hands combined) by, on average 4%, and maximally 8% (Table [7](#Tab7){ref-type="table"}).Fig. 2A graph shows thumb palmar abduction strength plotted against age. The percentiles 2.5%, 16%, 50%, 84%, and 97.5% are shown.Fig. 3A graph shows thumb opposition strength plotted against age. The percentiles 2.5%, 16%, 50%, 84%, and 97.5% are shown.Fig. 4A graph shows thumb (metacarpal phalangeal joint) flexion strength plotted against age. The percentiles 2.5%, 16%, 50%, 84%, and 97.5% are shown.Fig. 5A graph shows index finger abduction strength plotted against age. The percentiles 2.5%, 16%, 50%, 84%, and 97.5% are shown.Fig. 6A graph shows little finger abduction strength plotted against age. The percentiles 2.5%, 16%, 50%, 84%, and 97.5% are shown.Table 7Goodness of fit (R^2^) of the possible models that can be used to draw growth curvesGroupModelR^2^ valueDominantNondominantCombinedBoysThumb palmar abductionSimple0.590.500.54Complex0.650.580.60Thumb oppositionSimple0.630.650.63Complex0.650.720.67Thumb (metacarpal phalangeal joint) flexionSimple0.650.740.69Complex0.680.780.72Index finger abductionSimple0.590.600.59Complex0.610.680.63Little finger abductionSimple0.680.650.66Complex0.710.670.69GirlsThumb palmar abductionSimple0.640.660.63Complex0.650.730.66Thumb oppositionSimple0.600.550.58Complex0.660.600.63Thumb (metacarpal phalangeal joint) flexionSimple0.560.560.56Complex0.640.650.64Index finger abductionSimple0.580.650.61Complex0.610.710.65Little finger abductionSimple0.480.530.50Complex0.550.610.57Boys and girls combinedThumb palmar abductionSimple0.610.570.57Complex0.630.630.62Thumb oppositionSimple0.590.570.58Complex0.620.610.61Thumb (metacarpal phalangeal joint) flexionSimple0.590.620.60Complex0.610.660.63Index finger abductionSimple0.570.620.59Complex0.590.660.62Little finger abductionSimple0.580.590.58Complex0.610.620.61Values are for dominant and nondominant hands separately and for both hands combined; complex models include age, length, and weight as variables; simple models include only age as the dependent variable.

Discussion {#Sec4}
==========

Using only grip strength and pinch strength measurements to assess a person's hand function does not provide information regarding the strength at the level of the fingers and thumb. When intervention is aimed specifically at an individual finger or thumb, measuring the strength of individual fingers and thumb can provide more detailed information regarding how strength is affected by the treatment. We therefore (1) present reference values of individual finger and thumb strengths and (2) present them in the form of growth diagrams, providing an easy way to distinguish between the effects of growth and intervention on strength development.

We bring several limitations to the reader's attention. First, we chose to omit variables such as length and weight from our model and only use age to predict strength. This approach resulted in five diagrams for each measurement. These diagrams combine both hands and genders and therefore do not acknowledge the effect of gender and hand dominance. Even though omitting weight, length, gender, and hand dominance from the model resulted in a less accurate model, the goodness of fit of the model decreased only marginally (Table [7](#Tab7){ref-type="table"}): the five diagrams presented only differ on average 4% with models that do distinguish between gender and hand dominance. We believe the benefit of using one diagram for each measurement outweighs the small reduction in predictability of the model. Second, we examined only individual strength measurements at one specific moment in time. Therefore, the model we provide is not calculated on longitudinal data, an approach that would be more suitable but more difficult with respect to gathering the data. Third, our population consisted of healthy, mostly Caucasian, children in the near vicinity of our research facility and they might not be representative of the children who might benefit from using such growth diagrams at followup.

Normative values for individual finger strength or thumb strength in children have not been published previously. The normative values presented in this study can be used together with already known reference values for adults \[[@CR8]\]. We found no strength difference between boys and girls and only the measurement of thumb palmar abduction showed a difference between the dominant and nondominant hands. Similarity in strength between both hands is a topic of debate in the literature, with conflicting results being presented \[[@CR3], [@CR13]\].

By allowing a child's finger and thumb strength to be plotted with time, the diagrams show how grip strength of a child develops relative to the reference data contained in the diagram. If a child's strength is plotted at a certain distance from a percentile line, a change in this distance at followup may indicate an increase or decrease in strength relative to his or her age. An additional advantage for individual patient measurements is that a table containing reference data would be difficult to use as such values are given per year or 2-year interval. In contrast, the growth diagrams present a continuum in finger and thumb strength values, allowing individual strength measurement to be compared with an age that corresponds more exactly. When comparing our diagrams on thumb strength and finger strength with similar growth diagrams or grip strength in children and diagrams used at children's welfare centers, we found they show a similar form and shape \[[@CR5], [@CR6], [@CR12]\].

The diagrams presented in our study allow detailed study of the development of individual finger or thumb strength in individual children with time. Using these curves as a reference, a possible effect of treatment or therapy may quickly be visible as change in the curve of the subject relative to the reference population.

This article is distributed under the terms of the Creative Commons Attribution Noncommercial License which permits any noncommercial use, distribution, and reproduction in any medium, provided the original author(s) and source are credited.
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